Light intensity distribution in thylakoids and the polarity of the photovoltage effect.
Introduction
The light reactions of the photosynthesis in green plants take place in a complicated membrane structure within the chloroplasts [1,2]. About 1000, interconnected, disk-shaped compartments with a diameter of about 500 mn constitute the thylakoids. In some regions thylakoid membranes are stacked forming the so-called grana-stacks. (Unstacked thylakoid regions constitute the stroma-thylakoid or stroma-membrane.) The physiological role of the difference between grana and the stroma-thylakoid is not known although their relative contents of the two photosystems and II+-ATPase differ [3] . Because of the presence of the various membranes, at the distances of the order of the wavelength of the exciting light, a complex pattern of diffraction and interference is to be expected in this system. We here address the question of the resulting distribution of light intensity. Light intensity distribution in the thylakoid structure is related to 0301-4622/94/%07.00 Q 1994 -Elsevier Science B.V. All rights reserved SSDI 0301-4622(93)E0089-N the polarity of macroscopic photovoltaic effects of a chloroplast suspension and to the free energy transduction efficiency of the cbloroplast.
The very first step of the photosynthetic energy transformation is a charge separation in the photosynthetic reaction center. This microscopic charge transfer can be detected macroscopically as a transient voltage (the photovoltage) between two electrodes immersed into a chloroplast suspension that is subjected to a light flash [4-61. The existence of the macroscopic signal depends on the uneven distribution of the light in the thylakoid system. (If the light intensity was the same at the two sides of each vesicle, the voltages generated by the opposite sides would cancel each other.) It is well established, that during the charge separation an electron moves from the inside to the outside of the thylakoid vesicle. If the side of a thylakoid vesicle that is closest to the light source is subject to a higher light intensity than the side farther away from that light source, the illuminated vesicle should generate an electric potential positive at the side farthest away from the light source. Since the same holds for all vesicles in the suspension, the electrode the farther from the light source should become positive. In the following we refer to this polarity as positive. This polarity was found in the early experiments with white light pulses coming from a flash lamp [4-61, as well as in an experiment with laser excitation [7] . In line with this, so-called, "light gradient theory" the signal vanished at saturating light intensity, i.e. when a minor difference between light intensities does not lead to a difference in charge transfer rates.
However, the polarity of the macroscopic photovoltage was negative in many other experiments and the origin of the different polarities was debated [8-lo] . As we showed in the accompanying article, the polarity is determined solely by the wavelength of the exciting light [ll] . Roughly speaking, polarity is positive at the blue and red absorption bands of chlorophyll, negative between them and negative at wavelengths above 700 nm. There is also a wavelength region where the photovoltage exhibits two polarities differing kinetically. Neither the photovoltage of negative polarity, nor the wavelength dependence of the polarity can be accounted for by the original explanation.
To explain this wavelength dependence a modified version of the light-gradient theory was proposed by Mesz&na and DeVault [lo] . According to these authors, wavelength-dependence of the light-distribution is responsible for the wavelength-dependent polarity. Since the geometrical dimensions of the thylakoid vesicle system are in or below the range of the wavelength of the absorbed light, it is insufficient to reason in the terms of geometrical optics and suppose that the one side of the vesicle simply shades the other one. Within the lamella system the light should be subject to optical interference [lo] .
In this paper we develop the modified lightgradient theory in quantitative terms and show that it explains at least qualitatively the reported wavelength dependence of the photovoltaic effect. We calculate the light-intensity distribution in the stroma-thylakoid as well as in the grana, and compare our results to the photovoltage data.
Results

Theoretical background
The fact that the photovoltage signal is positive within chlorophyll and carotenoid absorption bands and negative outside them suggests that the comp!ex polarizability (e.g. the absorbance and the refractive index) of the pigments has a crucial role in determining the interference pattern. In other words, the wavelength-dependent phase of the scattered light (relative to the incident light) determines the interference pattern in the thylakoid system.
In classical electrodynamics interaction of light and matter is described in the following way [12] . The electric field of the light forces the molecular charge distribution to oscillate. The resulting oscillating dipoles reemit light in all directions. In the inhomogeneous case of particles in a medium, emitted light is observed as scattered light from a distance much larger than the size of the scattering piece of material. Inside a continuous medium both absorption and refraction are the cunsequences of the interference between the incident and the emitted light. In that context the emitted light is usually not referred to as scattered. To avoid any confusion we will use the term "reemitted light" to refer to the waves that are responsible for scattering as well as refraction and absorption. Inside an inhomogeneous structure the outcome of this interference is more complicated. To interpret the interference pattern as a combined effect of scattering, refraction and absorption, is not necessary and straightforward.
Since we are interested in the light distribution pattern in the direction of the incident light, we restrict this paper to the one-dimensional case. Accordingly, we approximate the thylakoids as a set of infinite sheets. This allows us to use an elegant way to describe the interaction of electromagnetic waves and matter developed by Feynman and Orear [13] rather than employing the complicated formulas of scattering theory. In this method a sheet rather than a molecule is regarded as a unit of description: the sheet has an oscillating and, consequently radiating dipole-moment density. The bonus is that we shall not have to calculate the wave radiated by the sheet as a superposition of the waves emitted by the individual atoms in it.
By way of illustration, the reemitted light wave is calculated in Appendix A for the case of a single absorption line. Our ultimate calculations are based on the empirical absorption spectrum and the Kramers-Kronig relation [12] . The connection between the reemission coefficient of a single sheet and the absorbance and refractive index of a continuous medium is presented in Appendix B.
Light intensity in front of and behind a single sheet of absorbing matter
We begin by calculating the light intensity in front of and behind a single sheet. We suppose, that the incoming light waves travel perpendicularly to the plain of the sheet. The sheet is perpendicular to the z axis, Iocated at z = 0 and thin compared to the wavelength of the light (fig. (1)
where time dependence exp[ -i(2rc/h)t] is omitted and k, stands for the wave number in the solution,
(A is the wavelength in vacuum, n, denotes the refractive index of the aqueous medium.) This field forces the molecular dipoles to oscillate. The oscillating dipoles (distributed evenly over the sheet) radiate light of the same amplitude and phase in either direction, of the sheet, we find: In Appendix A, 6, and 6, are calculated for the case of a single absorption line. At the absorption maximum 6 is negative real, i.e. 4 = 180" corresponds to pure absorption. Away from the maximal absorption 6, becomes small and the reemitted light becomes out of phase with the incident light. The sign of 6, is opposite at the two sides of the absorption band. It is positive (4 = 90") for frequencies smaller, while negative (4 = 270") for frequencies larger than the resonance frequency.
IEl=E,(l+rcos+),
forz>O,
The resultant field is E = E,(eiM f 8 e&M).
Behind the sheet, i.e. for z > 0, the incident and the reemitted waves propagate in the same direction, for z<O.
(r < 1 was used.) Note, that the amplitude is the same for z = +0 and z = -0: it is the same immediately in front of and behind the sheet. This conclusion is definitely different from the common sense expectation of sharp intensity change across a thin, but optically dense sheet. In wave optics, everything has to be smooth at scales smaller than the wavelength. This phenomenon has an important consequence for the photovoltage problem: it makes the concept of "shadow" in the original version of the light-gradient theory unreliable.
Consequently, behind the sheet the light will have a phase and amplitude slightly different from the incident ones. Absorbance is a consequence of the destructive interference between the incoming and the reemitted light. The amplitude of the light behind the sheet is 1 E I= (1 + S,)E,. 8, must be negative (otherwise the sheet would amplify, rather than attenuate the light, which would require a source of free energy). Its absolute value equals half the absorbance by the sheet. The refractive index comes from the phase shift of the light caused by interference between the incoming light and the out-of-phase component of the reemitted light. Consequently, it is related to S,.
(According to eq. (B.81, II > 1 for frequencies below the absorption maximum of the medium, because 6, > 0 in that case.) The out-of-phase reemission is also responsible for light scattering outside the absorption bands.
The full line in fig. 2a illustrates the implications of eq. (9) for light of the wavelength of the absorption maximum. Behind the sheet the intensity is reduced, but in front of the sheet an interference pattern arises averaging around the intensity of the incident light. Figs. 2b and 2c show that far away from the maximum absorption wavelength, the interference pattern in front of the sheet is retained, but shifted relative to that of fig. 2a.
Calculation of the reemission coefficient, S
In front of the sheet (z < 0) the incident and the reemitted waves propagate in opposite directions and give rise to a standing wave interference pattern:
To calculate the light distribution as a function of the wavelength we have to know 6,(h) and 6,(h). -6, is simply half the absorbance, hence it is known. But 6, is very difficult to measure. (It could be calculated from the refractive index of the thylakoid, but no homogeneous sample of the Iatter is available to measure that refractive index.) Fortunately the real (8,) and imaginary (6,) part of S depend on each other through the Kramers-Kronig relations [14, 15] , 
where 9 denotes the principal value of the integral and o = 2~c/A the angular frequency. These relations (known also as the Tickmarsh theorem [16] ) are valid for any linear response. (The only requirement is causality: the response must not come before the input.) The proof of the relations can be found in various places in different contexts (for instance [12, 17] ), [16] being the most general one. Using the symmetry properties a,( -4 = a,( 4,
and rewriting in terms of wavelength rather than frequency, one obtains the relation 8, tends to be positive at the long-wavelength side, and negative at the short-wavelength side of an absorption line, similarly to the behavior found in Appendix A for a single absorption line.
We are interested in Sz in the visible range, but, according to eq. (12), it gets contributions from absorption bands at other wavelengths. We split the imaginary reemission coefficient accordingly,
where SF is the contribution of the visible absorption lines of the pigments in the membrane, while 6: is the consequence of the absorption lines outside of the visible region. The dashed line in fig. 3 shows ,;li, (together with the absorption) as calculated by restricting the integration in eq. (12) two distinct peaks. Both of them have a contribution to 62 similar to S, calculated for a single absorption line in Appendix A. Szis gets a positive contribution on the long-wavelength side of an absorption peak and a negative one on the other side. Consequently, it has two positive peaks shifted to longer wavelengths comparing to the absorption peaks and it is negative at the blue end of the spectrum. Between the two absorption maxima it gets opposite contributions from the two absorption peaks, so it is small, but happens to remain positive. According to eq. (B.8)
where n is the refractive index of the pigment-free membrane relative to the surrounding medium and a is the membrane thickness. We suppose, that n is approximately wavelength independent in the visible region. (This is true, if the relevant absorption lines are not very close to the visible region.)
Light distribution in the stroma-thylakoids
The stroma-thylakoid consists of pairs of adjacent membrane sheets (fig. 4) . The question is which of the two sheets receives more light than the other when they are illuminated perpendicularly. Above, the interaction of light with a single infinite sheet was discussed. One can calculate the light amplitude at either sheet as a superposition of the original incident light and the light re-emitted by the other sheet. Because of the weakness of the interaction (r =SZ 1) one may use the amplitude of the original incident light to calculate the light re-emitted by the second sheet rather than taking into account that the first sheet also modifies the light amplitude at the second sheet. (We neglect the possibility that a photon can be scattered more than once before its final absorption.)
According to eq. (9) (with z > O), the amplitude of light at the sheet in the "shadow" of the other one, is lEzl =E,(l+r cos 4) =&(l +,I)
as a consequence of presence of the other sheet. That 1 E2) <E, (eq. (15)), reflects the shading effect of the classical light-gradient theory [4, 5] . The sheet nearer to the light source experiences an amplitude (from eq. 
where 1, is the incident intensity. (r -C 1 was used.) The first term (which is proportional to the light absorption) has two components: the former ("1") comes from the shading while the latter is due to the interference between the incident and the back-scattered light. In total, the first term is always positive: absorption (in-phase reemission) leads to a "normal" light gradient. But this light intensity difference is smaller than predicted by the shading alone. The second term is a pure interference term. It is positive at the short wavelength side of a single absorption line (where 6, is negative), but negative at the long wavelength side. Consequently, the out-of-phase reemission leads to an "inverse" light gradient at the longwavelength side of an absorption peak.
that the leading (linear in d/h) term comes from 8, rather than from the absorption, i.e. from interference at the front sheet between the incident light and the light out-of-phase-reflected from the back sheet. For d -K A this term is more important than the absorption at the front sheet. At the long-wavelength side of an absorption band 8, > 0, making the leading term negative_ (The reflection invokes a 4 = 90" phase delay. At the front sheet the phase difference becomes larger than 90", so the interference becomes destructive, because of the path length difference between the two light waves.) Our conclusion is, that in the case of S, > 0, which obtains at wavelengths exceeding an absorption maximum, the front sheet of the stroma-thylakoid receives less light than the back sheet. This situation leads to an inverse polarity of the photovoltaic effect compared to what would be expected from the original version of the light gradient theory.
Light dktribution in the grana-stacks
We will approximate the grana-stack as a single homogenous sheet with thickness D rather than handle all of the membrane sheets separately ( fig 5) . This is possible because the distance between its thylakoid lamellae is much smaller than the wavelength. A short calculation establishing this approximation in more quantitative terms is presented in Appendix C. The light intensity pattern is determined by absorption as well as by the reflections at the front and back surfaces of the grana-stack.
According to Appendix B, the (average) complex refractive index of the grana-stack (relative to the aqueous medium):
where 1 is the number of membrane sheets per unit distance perpendicular to the sheets. The complex wave number of the light in the granastack:
The real part of k, (k,) is the wave number in the usual sense, while its imaginary part (k,) is half the absorbance [12] . The reflection coefficient a (in terms of the amplitudes rather than the intensities) at the surfaces, if the light derives from the grana region [12] equals n-l (y=-n+l' (22) According to Appendix D, the interference pattern is the following:
(z = 0 at the back surface of the grana as shown in fig. 5 . E, is measured here.) Only the numerator depends on the position. It corresponds to a standing wave interference between the incident light and the light reflected from the back surface. The denominator (constant in space) is a consequence of the reflections back and forth. (It depends on the ratio of the grana thickness to the wavelength. The situation corresponds to a Fabry-Perrot interferometer.) If 1 a 1 is small (as in the present case), and only one reflection is important, the denominator is equal to 1. We will use this approximation.
Using the approximation it -1 -=z 1, eq. (20) gives, for the real and the imaginary parts of the reflection coefficients, respectively:
Eq. (23) leads to the following expression for the light intensity:
where l,, is the attenuated incident intensity at the back surface and I(X) is the intensity at the position X. I a 1 ec 1 was used once more, and the absorption term was linearized. With respect to the photovoltage experiments we are interested in the sum of the light intensity differences across the individual thylakoid disks in the grana-stack, The first term corresponds to the simple absorption phenomena, while the other two terms have a wave-optics origin. Obviously, the first term dominates the formula for large D. In other words, grana follows geometrical optics, if the thickness is not small compared to the wavelength.
Prediction of the polar@ of the macroscopic photovoltage
Far below the saturating light intensity the photovoltage is proportional to both the light intensity difference and the absorption at the given wavelength: AU+,lAI.
(31)
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To make the grana-and stroma-membrane predictions comparable we use a value relative to the area A of the membrane involved in the generation of the signal. In the stroma-thylakoids two layers are involved, while in the grana the number of layers is D. Consequently, the relative photovoltage for the stroma-thylakoid and the grana can be written as
Note, that 1 drops from AUprana/Astroma because eq. (30) is proportional to 1. We have two geometrical parameters to estimate: d, the distance between the stroma-membrane she&, and D, the grana thickness. The thickness of the thylakoid membrane is 7 nm [l]. In the EM pictures (see for instance ref. There is a third parameter to estimate: the relative strength of the two origins of the reemission constants. (Remember that 6, and SF are related to the absorption lines in the visible region, while 6; is related to the absorption lines outside this region. Obviously, multiplying all of the S by a constant factor does not modify the light distribution pattern.)
According to ref.
[l], there are around lo5 pigment molecules for each thylakoid disk, with 500 nm in diameter. This amounts to 2 X 1Ol3 pigment molecules/cm' surface density, and 16, ( = 10m3 around 650 nm. Choosing IZ -1 = 0.01 (that is, supposing, that the refractive index of the thylakoid membrane differs only slightly from the aqueous medium) leads to a similar value for 6,O (eq. (14)). Fig . 6 shows the expected action spectrum for the stroma-thylakoid as well as the grana for the parameter values mentioned above. As a general rule, the expected signal from the stromathylakoid is negative, while the expected signal in the grana is positive. In the region of short wavelengths the stroma signal becomes positive, too. The grana curve follows the absorption, Cornpared to the positive grana peaks the two negative peaks of the stroma signal are shifted to the direction of the longer wavelengths. (This is a consequence of the behavior of the imaginary part of the reemission coefficient near to an absorption band, as mentioned before.)
The linear combination of the expected grana and the expected stroma photovoltaic effects is similar to the experimental results as summarized in fig. 3 of ref. [ll] . See section 3 for a detailed comparison.
Discussion
In this paper we have calculated the implications of optical interference for the macroscopic voltage generated by a suspension of chloroplasts. The results explain the hitherto ununderstood features of the experimental data, i.e. inverse polarity and wavelength dependence.
Perhaps a simpler way to explain the wavelength dependence of the photovoltaic effect would have been to consider the changing ratio between the wavelength and the geometrical distances in the system. But the complicated form of the wavelength dependence makes this possibility unlikely. The observed relationship between the photovoltage action spectrum and the absorption spectrum [ill suggests the relevance of the phase of the reemitted light, while the kinetic difference between the positive and the negative experimental signals suggests different structural origins for the two types of signal. The present paper demonstrates, that these two factors together can explain the basic properties of the effect.
It is worthwhile to note, that the circular dichroism spectrum of thylakoids also has a wavelength dependence seemingly connected to the real and imaginary part of the reemission [20, 21] . Fig. 6 shows that the grana signal is expected to be positive, while the stroma signal is expected to be negative except at the blue end of the spectrum. Comparing this result to the fact Ill], that the positive signals have a slow decay component, while the negative ones do not, we conclude that only the grana signals have this slow component. Decay of the signal is usually attributed to ion relaxation around the thylakoid system. A possible explanation of the difference in relaxation times may be the restricted mobility of the ions between the appressed membrane regions in the grana stack.
For photovoltaic experiments the two most frequently used light sources have been the frequency-doubled Nd-YAG laser and the ruby laser with wavelengths 530 and 694 nm, respectively. (See for instance the investigations in refs. [9, 10, 18, 19] .) At these wavelengths the grana signal is expected (cf. fig. 6 ) to be negligible, and only the fast, negative stroma signal should contribute. This conclusion is in accordance with the observed polarity [9] . (Investigations with these two types of laser led to the controversial conclusion, that the laser generated signals are different from the ones generated by flash lamps 191. But different experiments with different types of lasers [7, 111 have since exduded this proposition.)
It was an important observation by Trissl et al. [l&19] , that under stacking conditions only the PSI contributes to the photovoltage, while both of the photocenters do so under destacking conditions. These workers explained this observation by the delocalization of the excitation energy within PSI1 units in the grana stack. ("Excitonic short circuit".) Taking into account, that these observations [l&191 were made using a Nd-YAG laser, the present paper offers an alternative explanation: At the wavelength used, only the stroma-thylakoid generates photovoltage. PSI1 particles are present in the stroma-membranes only at destacking conditions [31.
The grana signal follows the absorption curve, because the leading term in eq. (30) comes from the absorption. It has two wide maxima around 420 and 660 mn ( fig. 6, dashed line) . This prediction agrees with the observations of slowly decaying positive signals at this wavelength region [7, Wl. There are kinetic differences between the two peaks [ll] : the signal generated by a 660 nm flash does not have a fast decay component, while the signal at 420 nm does. These differences can be explained by considering our results as presented in fig. 6 and the fact, that both stroma and grana-thylakoid are present in the experiments. Above we concluded, that whereas the photovoltage generated by the stroma-membranes decays quickly, more or less as a single component, the photovoltage generated by the grana decays by both a quick and a slow component. In a macroscopic mixture we should thus expect photovoltaic signals with a slow decay component to follow the action spectrum predicted for the grana stacks (i.e. the dashed line in fig. 6 ). Photovoltaic signals with rapid decay should follow some wavelength-independent linear combination between the stroma (dotted line in fig. 6 ) and the grana (dashed line in fig. 6 ) action spectra. The full line in fig. 6 is one possible linear combination (with relative weights 0.25 and 0.75 for the grana and for the stroma-thylakoid). More specifically, at 420 nm one should expect a strong slow and a strong rapid component, i.e. a positive signal with biphasic decay. At 660 nm, where the full line in fig. 6 is nearly zero, one should expect a slow positive component, with very little fast component.
There is a wide wavelength region around 600 nm in which the predicted grana signal (that is the slow component) is positive, while the sum (predicting the fast component) is negative. In that region our theory predicts a signal with an alternating sign: a fast negative peak is followed by a slow negative one. These predictions fully agree with the measurements [8, 11] . The relative weights underlying the full line in fig. 6 , are arbitrary. The ratio between the membrane types is variable and even depends on the light adaptation. So we cannot expect that any experiment with different species and/or different experimental conditions reproduces the lack of the fast component close to the red absorption maximum. The important point is, that we can interpret even the kinetic difference between the two positive signals generated by different wavelengths by taking into account the behavior of sp.
In the calculations we did not take into account the minor difference between the action spectra of the two photocenters. It might be important at the red end of the visible spectrum, where the PSI1 stops to work at 680 nm, while PSI is active until 700 nm. This difference can contribute to the sharp polarity change at the red end of the visible spectrum, because the PSI located in the stroma-membrane generates negative signal.
A limitation of the work reported here is that it is restricted to membrane structure aligned perpendicularly to the light path. There are two observations on photovoltage signal from chloroplasts oriented parallel to the light path, both of them reporting slow positive signals [23, 7] . Originally, it was argued, that these results exclude the light gradient explanation [23] , but later they were explained within this framework [7] . We approximated the grana structure by a continuous medium. In this approximation it is quite obvious, that a similar signal should be generated in either orientation.
We approximated the stroma membranes by infinitely thin parallel sheets. This approximation could be questioned on the basis, that the distance between the membrane sheets is similar to the membrane thickness. An alternative approach would be to consider the reflections on both of the surfaces of every membrane sheet. (Such a kind of calculation was carried out in ref. [24] ,) However, interference between the two reflections gives the same wave as calculated here using the reemission coefficient, if the membrane thickness is much smaller than the wavelength, With this condition, the real membrane is equivalent to an infinitely thin sheet having the same reemission coefficient and located at the mediator plane of the membrane. The validity of this approach is independent of the distance between the membranes.
An important shortcoming of our theory might be that in reality the pigments are not distributed continuously in the thylakoid membrane but located in pigment-protein complexes in a well-defined order. The characteristic scale is in the same order of magnitude as the distance between the sheets: nanometers. Moreover, the distribution of the complexes in two adjacent membranes are not independent from each other. (For instance, interactions between the light harvesting complexes play an important role in membrane stacking [25] .) There are no simple ways to deal with these spatial inhomogeneities.
Pigments do not interact with the light independently. (See ref. [26] for the general theory.) The interactions between the pigments within a single membrane sheet are not a problem, because the only consequence of such a kind of interaction is a change in the absorption spectrum of the sheet and we used the empirical spectrum. (The Kramers-Kronig relations remain unchanged.) The situation is different for the interaction between the pigments of two different membrane sheets. Such an interaction leads to a spectrum depending on the inter-membrane distance. The fact, that no geometry dependence of the spectrum is known, suggests that neglecting this interaction is a justified approximation. (Following ref. [26] there is a way to take into account the interaction of homogeneous sheets, but, because of the above-mentioned lack of homogeneity, we considered the implementation irrelevant for the present study.)
We made a distinction between two sources contributing to the reemission coefficient. 6, and SF come from the visible absorption peaks of the pigments and can be calculated from the visible absorption spectrum, while 8; comes from the absorption peaks outside the visible range and can be calculated from the refractive index of the pigment-free membrane. The ratio between these two components is a crucial parameter of the present theory. We supposed, that both of them have a contribution in the same order of magnitude.
Unfortunately, the refractive index of a membrane is hard to measure directly. An estimation based on the refractive index value of oil droplets from natural sources gives a value between 1.45 and 1.52 for the refractive index of a biological membrane [24] . It corresponds to a refractive index around 1.1 relative to that of pure water. Using this value for n rather than the 1.01 we did use, 6; should dominate Sl's by an order of magnitude, leading to a prediction of an almost wavelength-independent negative stroma signal. That prediction contradicts the experimental facts quite strongly, as positive signak are observed most definitely. We interpret this discrepancy as a result of oversimplification: a thylakoid membrane is far from an oil droplet. In fact, thylakoid membrane contains virtually equal amounts of lipid and proteins, as well as a considerable amount of water. Moreover, the water between and around the membranes is full of proteins. A 0.4 M sucrose concentration alone increases the refractive index of the aqueous medium from 1.333 to 1. 352 [27] . Consequently, the difference in refractive index between the thylakoid membranes and the medium between them may indeed be as small as only a few percent,
There are a few other problems making the ratio between the two components uncertain:
-There is an uncertainty in the estimation of the pigment content.
-The problem of inhomogeneity affects the two components differently, because one of the components is connected to the pigments, while the other one comes from all of the molecules.
-It is not clear, whether refractive index measurements on isotropic samples are relevant for the bimolecular liquid-crystal structure of a membrane or the partially ordered water structure between the membranes.
We conclude, that the qualitative features of the wavelength-dependent photovoltaic effects observed in chloroplast suspensions can be explained by our theory. Understanding of the phenomena in all its quantitative aspects however, requires more experimental as well as theoretical investigations.
The optical interference effects reported here may have functional implications. It remains to be seen if perhaps the thylakoid structure in chloroplasts is optimal with respect to the light intensity pattern.
After submitting this article we were attended to the paper of Paillotin et al. [28] . In this work a similar theory was developed for the light distribution in the stroma-thylakoid. These authors prefer to use reflections from the two sides of a membrane sheet rather than reemissions from the membrane material, which is an equivalent formulation of the same physics. The important difference between the two approaches is, that To clarify the relation of the reemission coefficient to the absorbance and refractive indices we investigate the propagation of the light through a continuous medium that will be regarded as a set of consecutive sheets. Let 1 be the number of sheets per unit length in the z direction. The eIectric field behind the sheet at a distance z (from repeated application of eq. (7) The real part of the refractive index is related to the imaginary part of the reemission coefficient 8 by Rzn=l+?. W
(B.8)
It is important to stress, that n refers the refractive index relative to the nonabsorbing reference medium, in which k, is measured.
Appendix C. The repeated sheets concept of the grana stack compared with the quasi-homogeneous concept
Here we present a calculation checking whether eq. (30) remains valid if we regard the grana stack a set of thin sheets rather than a continuous medium described by a refractive index. 1 is the number of sheets per unit length. For simplicity we will use the approximation that the contribution of the sheets are additive, that is we calculate the reflection from the sheets using for every sheet the same value for incident intensity. This is the same approximation as was used to calculate the light intensity in the stromathylakoid.
The interference terms of eqs. (25) 
